Introduction
============

Milk components have been recognized as functional foods, with positive health effects ([@b1-mmr-17-04-5774]). Milk proteins are available as whole milk proteins, caseinates, and whey proteins. Whey protein is a high quality protein that contains higher amounts of essential amino acids in comparison with other sources of protein, such as egg and soy ([@b2-mmr-17-04-5774]).

Whey, a by-product of cheese manufacturing, has been considered for a long time a waste product. Its discharge to the environment and the improper management and exploitation causes important environmental problems ([@b3-mmr-17-04-5774]). The discovery of whey as a functional food with nutritional applications, raised its status to co-product in cheese production ([@b2-mmr-17-04-5774]). The composition of whey depends mainly on the type of cheese and milk, on the lactation phase and on its processing. Whey is a mixture of proteins, such as α-lactalbumin, β-galactoglobulin, serum albumin, immunoglobulins, lactoferrin, and galactoperoxidase with various chemical, physical and functional properties ([@b4-mmr-17-04-5774],[@b5-mmr-17-04-5774]). Whey protein, not only plays an important role in nutrition, as it is a rich and balance source of amino acids, but in some cases also exhibits specific physiological activity *in vivo* ([@b6-mmr-17-04-5774]). Furthermore, whey protein exhibits antioxidant activity probably due to its rich content in cysteines, which promotes glutathione (GSH) synthesis, an important intracellular antioxidant ([@b2-mmr-17-04-5774]). It is therefore a potentially important tool for the treatment of oxidative stress-associated diseases.

In previous studies of our laboratory, we examined the possible antioxidant activity of sheep/goat whey protein *in vitro*. Firstly, it was found that sheep/goat whey protein has the ability to neutralize free radicals and consequently protect biomolecules from oxidative damage ([@b7-mmr-17-04-5774]). Furthermore, sheep/goat whey protein exerts a protective effect against oxidative stress in muscle (C2C12) and endothelial (Ea.hy926) cells ([@b7-mmr-17-04-5774],[@b8-mmr-17-04-5774]). Finally, in Ea.hy926 cells, it has been found that a number of antioxidant enzymes were activated through the nuclear factor E2-related factor 2 (Nrf2)-antioxidant response element (ARE) pathway. In C2C12 cells, activation of the antioxidant enzymes was not dependent on the Nrf2-ARE pathway ([@b9-mmr-17-04-5774]). In an *in vivo* study in athletes, the combination of whey proteins with carbohydrates reduced lipid peroxidation and exerted anti-inflammatory action ([@b10-mmr-17-04-5774],[@b11-mmr-17-04-5774]).

Considering the above beneficial effects of sheep/goat whey protein against oxidative stress and the growing need for biofunctional foods with health claims, it would be of great interest to study the effects of sheep/goat whey protein on a living organism at blood and tissue level. Notably, the studies concerning the biological activity of sheep/goat whey protein are limited and the majority concerns bovine whey protein. Thus, the aim of the present study is to evaluate the antioxidant activity of sheep/goat whey protein *in vivo*. Specifically, it will determine a number of redox status markers in blood and tissues of rats after the administration of sheep/goat whey protein.

Materials and methods
=====================

### Chemicals

Hydrogen peroxide (H~2~O~2~) 30%, 5,5′-dithiobis (2-nitrobenzoic acid) (DTNB), 2,4-dinitrophenylhydrazine (DNPH), 2,2-diphenyl-1-picryl hydrazyl (DPPH), urea, sodium sulfate and Bradford reagent were purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium citrate was purchased from Merck KGaA (Darmstadt, Germany). Protease inhibitor coctail tablets were supplied from Roche Diagnostics (Indianapolis, IN, USA). Phosphate-buffered saline (PBS) was purchased from Gibco; Thermo Fisher Scientific, Inc. (Waltham, MA, USA).

### Materials

Sheep/goat whey protein was obtained from the Hellenic Protein S.A (Athens, Greece) and its content was 80/100 g. In [Table I](#tI-mmr-17-04-5774){ref-type="table"}, the nutritional content and the profile fraction of sheep/goat whey protein are presented.

### Experimental animals

Twelve male Wistar rats (6-month-old) with an average body weight of 470 g were used in the experiments under the frame of an animal experiment performed in the animal facilities of the Veterinary Medicine School of Aristotle University of Thessaloniki and licenced by the National Veterinary Administration authorities. All the animals received human care according to the Helsinki Declaration and national standards. Animals were housed in individual cages in a room with controlled temperature (20--22°C) and humidity conditions and a 12-h light/dark cycle.

### Experimental design

Animals were divided into 2 groups (6 rats/group) and were maintained on their respective diet for 28 days as follows: Control group (n=6); fed with standard commercial diet (corn, soybean meal, barley, bran, milk paste, molasses) purchased from Viozois S.A. (Ioannina, Greece), and the experimental group (n=6); fed with standard commercial diet plus sheep/goat whey protein (1 g/kg body weight/day) dissolved in drinking water. The animals were observed daily for general health and body weight was measured at the beginning and at the end of the experimental period. At the end of the treatment period, the animals were anaesthetized with diethyl ether and blood samples were drawn by cardiac puncture. The animals were euthanized by decapitation under deep anaesthesia. Tissues from liver, spleen, pancreas, brain, heart, quadriceps muscle, lung, small intestine and kidney were excised, snap-frozen in liquid nitrogen and stored at −80°C until analysis. The experimental design is described in [Fig. 1](#f1-mmr-17-04-5774){ref-type="fig"}.

### Blood preparation

Blood samples were centrifuged immediately at 1,370 × g for 10 min at 4°C and the plasma was collected and used for the measurement of total antioxidant capacity (TAC), thiobarbituric reactive substances (TBARS) and protein carbonyls. The packed erythrocytes were lysed with distilled water (1:1 v/v), inverted vigorously, centrifuged at 4,000 × g for 15 min at 4°C and the erythrocyte lysate was collected for the measurement of GSH and catalase (CAT) activity. Plasma and erythrocyte lysate were stored at −20°C until analysis.

### Preparation of tissue homogenates

Tissue samples were thawed at 37°C and homogenized in PBS (0.01 M, pH 7.4) containing a cocktail of protease inhibitors (Complete™ mini protease inhibitors). Brief sonication (3×10 sec) on ice followed for better homogenization. The homogenate was then centrifuged at 10,000 × g for 15 min at 4°C, the supernatant was collected and the protein concentration was measured using the Bradford method. Samples were stored at −80°C until biochemical analysis.

### Assays

GSH was measured according to a slightly modified method of Reddy *et al* ([@b12-mmr-17-04-5774]), as described by Spanidis *et al* ([@b13-mmr-17-04-5774]). A total of 20 µl of erythrocyte lysate or 400 µg of tissue homogenate was processed with 5% trichloroacetic acid (TCA), mixed with 660 µl of 67 mM sodium potassium phosphate (pH 8) and 330 µl of 1 mM DTNB. The samples were incubated in the dark at room temperature for 15 min and the absorbance was read at 412 nm. GSH concentration was calculated on the basis of a calibration curve made using commercial standards.

CAT activity in erythrocytes and the rate of H~2~O~2~ decomposition were determined as previously described by Spanidis *et al* ([@b13-mmr-17-04-5774]), a slightly modified method of Aebi ([@b14-mmr-17-04-5774]). Briefly, 4 µl of erythrocyte lysate (diluted 1:10) or 400 µg of tissue homogenate were added to 2,991 µl of 67 mM sodium potassium phosphate (pH 7.4) and the samples were incubated at 37°C for 10 min. Five microliters of 30% H~2~O~2~ were added to the samples and the change in absorbance was immediately read at 240 nm for 130 sec. Calculation of CAT activity was based on the molar extinction coefficient of H~2~O~2~.

The determination of TAC was based on the method of Janaszewska and Bartosz ([@b15-mmr-17-04-5774]) with slight modifications as previously described by Spanidis *et al* ([@b13-mmr-17-04-5774]). Briefly, 20 µl of plasma or 400 µg of tissue homogenate were added to 480 µl of 10 mM sodium potassium phosphate (pH 7.4) and 500 µl of 0.1 mM DPPH^•^ free radical and the samples were incubated in the dark for 60 min at room temperature. The samples were centrifuged at 20,000 × g for 3 min and the absorbance was read at 520 nm. TAC was presented as mmol of DPPH^•^ reduced to 2,2-diphenyl-1-picrylhydrazine (DPPH:H) by the antioxidants of plasma.

For TBARS determination, a slightly modified assay of Keles *et al* ([@b16-mmr-17-04-5774]) was used as per the protocol used in Spanidis *et al* ([@b13-mmr-17-04-5774]). According to this method, 100 µl of plasma or 400 µg of tissue homogenate was mixed with 500 µl of 35% TCA and 500 µl of Tris-HCl (200 mM, pH 7.4). Incubation for 10 min at room temperature followed. Then, 1 ml of 2 M Na~2~SO~4~ and 55 mM thiobarbituric acid solution was added and the samples were incubated at 95°C for 45 min. The samples were cooled on ice for 5 min, followed by the addition of 1 ml of 70% TCA and then the samples were vortexed. The samples were centrifuged at 15,000 × g for 3 min and the absorbance of the supernatant was read at 530 nm. Calculation of TBARS concentration was based on the molar extinction coefficient of malondialdehyde.

Protein carbonyl determination was based on a slightly modified method of Patsoukis *et al* ([@b17-mmr-17-04-5774]), as previously described by Spanidis *et al* ([@b13-mmr-17-04-5774]). Briefly, 50 µl of 20% TCA were added to 50 µl of plasma or to 400 µg of tissue homogenate and this mixture was incubated in an ice bath for 15 min and centrifuged at 15,000 × g for 5 min at 4°C. The supernatant was discarded and 500 µl of 10 mM DNPH (in 2.5 N HCl) for the sample, or 500 µl of 2.5 N HCl for the blank, were added in the pellet. The samples were incubated in the dark at room temperature for 1 h, with vortexing every 15 min, followed by centrifugation at 15,000 × g for 5 min at 4°C. The supernatant was discarded and 1 ml of 10% TCA was added, vortexed and centrifuged at 15,000 × g for 5 min at 4°C. The supernatant was again discarded and 1 ml of ethanol-ethyl acetate (1:1 v/v) was added, vortexed and centrifuged at 15,000 × g for 5 min at 4°C. This step was repeated twice. The supernatant was discarded and 1 ml of 5 M urea (pH 2.3) was added, vortexed and incubated at 37°C for 15 min. The samples were centrifuged at 15,000 × g for 3 min at 4°C and the absorbance was read at 375 nm. Calculation of protein carbonyl concentration was based on the molar extinction coefficient of DNPH.

### Statistical analysis

For the statistical analysis, one-way ANOVA followed by Tukey\'s test was applied to compare the means between the two groups (n=6 per group). Differences were considered significant at P\<0.05 with α level set at 0.025. The results are expressed as mean ± SEM. Statistical analyses were performed using the SPSS software (version 14.0; SPSS, Inc., Chicago, IL, USA).

Results
=======

Assessment of redox status markers in rats\' blood. [Fig. 2](#f2-mmr-17-04-5774){ref-type="fig"} shows the effects of sheep/goat whey protein on the redox status of rats in blood. Oxidative stress markers measured in blood showed that sheep/goat whey protein improved the redox status of rats.

Specifically, GSH levels and CAT activity in erythrocyte lysate were increased significantly by 37.6% (P=0.047) and 32.2% (P=0.041), respectively, in the sheep/goat whey protein group compared to the control group ([Fig. 2A and B](#f2-mmr-17-04-5774){ref-type="fig"}).

TBARS levels in plasma were significantly decreased by 24.5% (P=0.033) in the sheep/goat whey protein group compared to the control group ([Fig. 2C](#f2-mmr-17-04-5774){ref-type="fig"}).

Finally, there was not any significant change in protein carbonyl levels and TAC in plasma between the sheep/goat whey protein and control groups ([Fig. 2D and E](#f2-mmr-17-04-5774){ref-type="fig"}).

Assessment of redox status markers in tissues of rats. The administration of sheep/goat whey protein increased significantly the GSH levels in small intestine, quadriceps muscle, pancreas and lung by 37.8% (P=0.032), 34.7% (P=0.044), 78% (P=0.013) and 172% (P=0.004), respectively, compared to the control group ([Fig. 3A and B](#f3-mmr-17-04-5774){ref-type="fig"}).

The rate of H~2~O~2~ decomposition was decreased significantly in liver, brain and quadriceps muscle by 22.7% (P=0.012), 23.5% (P=0.042), 47.2% (P=0.048) respectively in sheep/goat whey protein group compared to control group ([Fig. 3A](#f3-mmr-17-04-5774){ref-type="fig"}). In spleen, the rate of H~2~O~2~ decomposition was increased significantly by 21.3% (P=0.009) in sheep/goat WP group compared to control group ([Fig. 3B](#f3-mmr-17-04-5774){ref-type="fig"}).

TBARS levels were decreased significantly in liver, brain, quadriceps muscle, pancreas, lung and spleen by 40.5% (P=0.006), 50.6% (P=0.000), 12.9% (P=0.005), 27.6% (P=0.031), 28.9% (P=0.031) and 36% (P=0.017), respectively, in the sheep/goat whey protein group compared to the control group ([Fig.3A and B](#f3-mmr-17-04-5774){ref-type="fig"}).

Regarding protein carbonyl levels, there was a significant decrease in brain, small intestine, kidney, pancreas and spleen by 50% (P=0.002), 67.7% (P=0.032), 44% (P=0.009), 37.3% (P=0.045) and 33.7% (P=0.018), respectively, in the sheep/goat whey protein group compared to the control group ([Fig. 3A and B](#f3-mmr-17-04-5774){ref-type="fig"}).

Finally, TAC levels were not affected by the administration of sheep/goat whey protein in any tissue ([Fig. 3A and B](#f3-mmr-17-04-5774){ref-type="fig"}).

Discussion
==========

In recent years, there has been an increased interest regarding the intake of natural products in order to prevent oxidative damage caused by free radicals ([@b18-mmr-17-04-5774]--[@b22-mmr-17-04-5774]). When the production of free radicals is increased to an extent that cannot be coped by the organisms\' antioxidant mechanisms, oxidative stress is induced ([@b23-mmr-17-04-5774]). This results in irreversible damage, not only to cellular structure and function, but also to vital organs. Exposure to high levels of free radicals can cause lipid and protein oxidation and also damage to DNA ([@b24-mmr-17-04-5774],[@b25-mmr-17-04-5774]). Oxidative damage of biomolecules (lipids, proteins, DNA) is one of the main factors in the process of aging and in various diseases such as carcinogenesis, cardiovascular diseases, neurodegenerative diseases, atherosclerosis, diabetes and asthma ([@b26-mmr-17-04-5774]--[@b29-mmr-17-04-5774]).

The discovery of whey as a functional food increased its status as a co-product in cheese production ([@b2-mmr-17-04-5774]). Whey protein is a rich and balanced source of sulfur-containing amino acids (cysteine, methionine). These amino acids enhance antioxidant defense either by acting directly as reducing agents or as precursors of the intracellular formation of GSH ([@b30-mmr-17-04-5774]).

In the present *in vivo* study, we evaluated the effects of sheep/goat whey protein on the redox status of rats. Specifically, we estimated the levels of five redox status markers (GSH, CAT, TBARS, protein carbonyls, TAC) in blood and tissues. GSH is the most rich non-protein source of thiol (SH) in cells. GSH is important to a variety of processes, including the detoxification of xenobiotics, maintenance of the -SH level of proteins and scavenging of hydroperoxides and free radicals ([@b31-mmr-17-04-5774]). CAT is an antioxidant enzyme that is present in every cell type and especially in peroxisomes and catalyzes the conversion of H~2~O~2~ to water and molecular oxygen ([@b32-mmr-17-04-5774]). TBARS and protein carbonyls are markers of lipid and protein oxidation, respectively. Finally, TAC is referred to the capability of the plasma components to scavenge reactive species and is an indicator of the overall antioxidant capacity of plasma.

Specifically, it was found that GSH levels were significantly increased in erythrocytes, small intestine, quadriceps muscle, pancreas and lung tissues compared to the control. According to the literature, it has also been found that whey protein enhances antioxidant capacity in rats through GSH synthesis. In particular, whey protein enhanced GSH synthesis in erythrocytes in rats by 31% ([@b33-mmr-17-04-5774]). Other findings showed that treatment with whey protein enhanced total liver GSH content in rats ([@b34-mmr-17-04-5774]). GSH is the most important antioxidant in cells and offers protection against oxidative damage caused by free radicals, peroxides and heavy metals. The increased levels of GSH may be attributed to the rich content of whey in cysteine and methionine. These amino acids are precursors for the intracellular conversion of GSH ([@b30-mmr-17-04-5774]). Whey may also increase GSH levels through modulation of the two key enzymes that are involved in its biosynthesis; glutamate cysteine ligase (GCL) and glutathione synthetase (GS). In previous studies, it has been shown that sheep/goat whey protein increased GCL expression in C2C12 muscle cells ([@b9-mmr-17-04-5774]). A possible mechanism, through which the expression of these enzymes is regulated, may be the cytosolic system Nrf2-Kelch-like ECH-associated protein 1 (Keap1). In endothelial cells it has been found that the expression of a number of antioxidant enzymes is regulated through Nrf2-Keap1 pathway ([@b9-mmr-17-04-5774]). Under normal conditions, Nrf2 is located in the cytoplasm anchored by Keap1 resulting in its ubiquitination and proteasome degradation. The activation of Nrf2 is regulated by two signaling pathways: i) Oxidation of Keap1s\' cysteine residues; and/or ii) activation of a number of protein kinases that induce phosphorylation of Nrf2. Both facilitate the disassociation from Keap1 and its translocation in the nucleus. The nuclear Nrf2 binds to the ARE and induces the activation of a number of antioxidant enzymes or phase II metabolism enzymes ([@b35-mmr-17-04-5774]--[@b38-mmr-17-04-5774]). It has been found that whey protein can activate c-Jun N-terminal kinases (JNKs) and extracellular signal-regulated kinases (ERKs) ([@b39-mmr-17-04-5774]). Thus, sheep/goat whey protein may induce the phosphorylation of Nrf2, disassociation from Keap1, translocation in the nucleus and finally activation of antioxidant enzymes.

In erythrocytes, the conversion of H~2~O~2~ to H~2~O and O~2~ is based on CAT activity ([@b40-mmr-17-04-5774]) while in tissues, the decomposition of H~2~O~2~ to H~2~O and O~2~ is attributed, not only to CAT activity, but also to other enzymes such as glutathione peroxidase (GPx) and peroxiredoxins ([@b41-mmr-17-04-5774]). In erythrocytes, it was found that CAT activity was increased significantly compared to control. In liver, brain and quadriceps muscle tissues, the rate of H~2~O~2~ decomposition was decreased compared to the control group while in spleen tissue the decomposition rate was increased compared to the control. While we would expect sheep/goat whey protein to increase the rate of H~2~O~2~ decomposition, in some tissues a reduction is observed. This could be probably attributed to the activation of a different number of antioxidant enzymes and especially GSH-associated enzymes. Haraguchi *et al* ([@b34-mmr-17-04-5774]) has shown that whey protein decreased liver CAT activity in rats. In previous studies, we have shown that CAT expression and activity was increased in C2C12 muscle and Ea.hy926 endothelial cells ([@b9-mmr-17-04-5774]).

Concerning the effects of sheep/goat whey protein on lipid peroxidation in plasma, it has been found that TBARS was significantly decreased compared to the control group. The decrease in lipid peroxidation in plasma can be attributed to the respective increase in CAT activity and GSH synthesis. Concerning the tissues, we have observed that TBARS levels were significantly decreased in liver, brain, quadriceps muscle, pancreas, lung and spleen compared to the control group. Depending on the tissue, the decrease could be attributed either to GSH molecule and CAT enzyme or to the activation of a different number of antioxidant enzymes \[GPx, glutathione-s-transferase (GST)\]. GSH reduces H~2~O~2~ and organic peroxides through a GPx-catalyzed reaction, neutralizes hydroxyl radical (OH^•^) and therefore prevents lipid peroxidation ([@b42-mmr-17-04-5774]). The OH^•^ is one of the most reactive and dominant ROS that can initiate lipid peroxidation. In biological systems, OH^•^ is formed by Fenton-Haber-Weiss reactions where free iron (Fe^2+^) reacts with H~2~O~2~ ([@b43-mmr-17-04-5774]). Another enzyme that may prevent lipid peroxidation is GST through the conjugation of electrophilic compounds to GSH, leading to their elimination from the body ([@b44-mmr-17-04-5774]). It has been found that sheep/goat whey protein increases GST activity in C2C12 muscle and Ea.hy926 endothelial cells ([@b9-mmr-17-04-5774]). Thus, GSH and CAT can offer protection against lipid damage and its subsequent detrimental effects (destruction of the integrity of cell membranes, cell death).

Protein damage can cause loss of enzyme function, alter cellular activities and can also cause changes in the type and level of cellular proteins ([@b45-mmr-17-04-5774],[@b46-mmr-17-04-5774]). Oxidation of proteins and amino acids is accompanied by increases in the levels of protein carbonyl groups ([@b47-mmr-17-04-5774],[@b48-mmr-17-04-5774]). The results of the present study have shown that protein carbonyls were decreased in brain, small intestine, kidney, pancreas and spleen tissue compared to the control group. It is suggested that OH^•^ can also cause damage to proteins by reducing their disulfide bonds, resulting in their unfolding or misfolding ([@b49-mmr-17-04-5774]). Thus, sheep/goat whey protein can protect both from protein and lipid peroxidation either by activating a number of antioxidant molecules and enzymes or by scavenging OH^•^ ([@b7-mmr-17-04-5774]--[@b9-mmr-17-04-5774]).

In conclusion, the findings of the present study have shown that sheep/goat whey protein protects against the detrimental effects of oxidative stress and enhances the antioxidant defense mechanisms in blood and tissues ([Fig. 4](#f4-mmr-17-04-5774){ref-type="fig"}). The results have shown a tissue-specific effect of sheep/goat whey protein. Taking this finding into account, we could lead to nutritional intervention strategies in order to prevent various oxidative stress-associated diseases. Considering the above beneficial effects of sheep/goat whey protein, the investigation of its molecular mechanism of action in order to be incorporated as a bioactive ingredient into food products would be of particular interest and importance. This could give additional value to sheep/goat whey protein contributing on one hand to its profitable utilization and on the other hand to addressing the environmental problems caused by its uncontrolled disposal.
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![Experimental design to study the effects of sheep/goat whey protein on the redox status of blood and tissues in rats. Animals were maintained on their respective diet for 28 days. The arrow symbolizes the experiment completion and blood/tissue collection.](MMR-17-04-5774-g00){#f1-mmr-17-04-5774}

![Effects of sheep/goat whey protein on redox status markers of blood. (A) GSH, (B) CAT, (C) TBARS, (D) protein carbonyls and (E) TAC levels in blood of rats in control and whey group. \*P\<0.05; statistically significant compared to the control group. All results are presented as mean ± SEM. GSH, glutathione; CAT, catalase; TBARS, thiobarbituric reactive substances; TAC, total antioxidant capacity.](MMR-17-04-5774-g01){#f2-mmr-17-04-5774}

![Effects of sheep/goat whey protein on redox status markers of tissues. (A) GSH, H~2~O~2~ decomposition, TBARS, TAC, protein carbonyls levels in liver, brain, small intestine, quadriceps and heart of rats in the control and whey groups. (B) GSH, H~2~O~2~ decomposition, TBARS, TAC, protein carbonyls levels in kidney, pancreas, lung and spleen of rats in control and whey group. \*P\<0.05; statistically significant compared to control group. Results are presented as mean ± SEM. GSH, glutathione; TBARS, thiobarbituric reactive substances; TAC, total antioxidant capacity.](MMR-17-04-5774-g02){#f3-mmr-17-04-5774}

![Possible mechanism by which sheep/goat whey protein exerts its effects.](MMR-17-04-5774-g03){#f4-mmr-17-04-5774}

###### 

Nutritional content and profile fraction of sheep/goat whey protein.

  Nutritional content (per 100 g).   
  ---------------------------------- -------------------------
  Energy                             396 kcal/1678 kJ
  Proteins                           80 g
  Carbohydrates                      10 g
  Fats                                 4 g
  Sodium                             157 mg
  Potassium                          397 mg
  Calcium                            415 mg
  Phosphorus                         319 mg
  Magnesium                            73 mg
                                     
  Profile fraction (per 100 g).      
                                     
  Protein mixture                    Sheep/goat whey protein
                                     
  β-lactoglobulin                    47 g
  α-lactalbumin                      14 g
  Glycomacropeptide                  13 g
  Serum albumin                        3 g
